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Knowledge of two-phase flow has been limited primarily to hori-
zontal and vertical upward flow and very little is known about two-phase 
flow in inclined pipes. The nomenclature for the various visually ob-
served types of flow is in a state of confusion, as each investigator uses 
slightly different terms. It would be desirable to develop general 
theories to explain the experimental observations so that a more objec-
tive method to characterize the flow patterns could be found. 
The pressure drop in two-phase flow is much higher than in 
single-phase flow. Experimental data confirm the fact that the pressure 
drop for a two-phase flow system is influenced by the flow pattern. 
Therefore, it is necessary to incorporate into pressure drop calcula-
tions those variables which in fact define the flow pattern so we can pre-
dict both the flow pattern and the pressure drop. 
Two-phase flow is a problem of great importance in condensation 
and boiling heat transfer, in nuclear engineering, oil and gas production 
and transportation equipment, and cryogenic processes. Thus, it is 
vital to know the fluid dynamics and the flow regimes involved to be able 
to choose the proper correlation to predict the heat transfer coefficient 
at each point. 
The following goals were set for this project: 
1 .. Design, construct and operate an apparatus to study two-phase 
1 
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flow patterns in horizontal pipes and those inclined at 5° and 15°, based 
upon visual observations of air-water flow mixtures. 
2. Take photographs of the characteristic flow regimes to help 
interpret the visual observations and conclusions obtained. 
3. Make pressure drop measurements. 
4. Correlate the data in an attempt to learn how the flow patterns 
and pressure drop change as the angle of inclination and the flow rates 
of air and water are changed. 
The types of two-phase flow patterns depend upon the relative and 
absolute quantitles of the fluids, the physical properties of the fluids, 
the geometric configuration of the conduit, and occasionally upon the 
heat transfer process. In general, we can say that gravity and vapor 
shear forces acting in different directions determine the flow regime. 
For small diameter conduits and low flow rates, surface tension forces 
should also be considered. 
This study will consider the seven typical flow regimes according 
to Alves' nomenclature ( 1 ). Further, these flow regimes will be de-
fined according to the visual observations made, bearing in mind that 
the experiment was conducted in isothermal and adiabatic conditions 
with both fluids, air and water, at near room temperature. Flow pat-
tern sketches are shown in Figure 1. Photographs of the typical flow 
regimes with indications of the transformed Baker's map coordinates 
are shown in Appendix B. The seven typical flow regimes are as 
follows; 
1. Bubble flow: Bubbles of gas are dispersed throughout the 
liquid. In the experiment bubbles were found only at the top of the pipe, 
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Figure 1. Flow Pattern Sketches 
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However, it has been observed by other researchers, and it is logical, 
that at higher air flow rates those bubbles will be dispersed throughout 
the cross-section. 
• 
2. Plug flow: Alternate plugs of liquid and gas move along the 
upper part of the pipe. Sometimes the plugs decrease in size as they 
travel and this could be interpreted as a tendency to change the flow 
regime. In fact, when the pipe is inclined, plug flow at the inlet be-
comes bubble flow at the outlet. Closer to the slug zone, the plugs be-
come larger and the pressure drop oscillates more. 
3. Stratified flow: The liquid flows along the bottom of the pipe 
and the gas flows over a smooth liquid-gas interface. Over most of the 
stratified region, however, the mixing tee and external effects super-
imposed waves and slugs on the stratified flow making it difficult to de-
fine the trans it ion line to other flow regimes. 
4. Wavy flow: The gas moves at a higher velocity than the liquid 
producing a rough gas-liquid interface with waves traveling in the direc-
tion of flow; still the liquid flows along the bottom of the pipe. 
The transition from wavy to annular i.s difficult to distinguish be-
cause it occurs gradually. The waves travel faster and the water climbs 
the wall of the pipe although it is thicker at the bottom of the pipe. An 
axial view will show a core of gas forming. 
5. Slug flow: A wave is picked up periodically by the rapidly 
moving gas to form a frothy slug which passes along the pipe at a 
greater velocity than the average liquid velocity. The slugs accelerate 
as they move through the pipe. These waves of liquid completely fill 
the pipe at a given cross section, while at other points the pipe cross 
section is filled with both air and water. These slugs cause large pulsa-
tions in the pressure drop readings because of the impact of the high 
velocity waves in bends and fittings of the pipe. 
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The transition from slug to annular flow occurs when the slugs be-
gin to travel so fast that it is impossible for the human eye to distin-
guish one from the other, although a high speed camera could be used to 
follow these fast slugs. 
6. Annular flow: A 11 the liquid flows as a film annulus around the 
pipe inner wall and the gas flows as a core with a small portion of the 
liquid entrained by the central gas core. 
The transition from annular flow to mist seems to occur when the 
high air flow rates disperse some of the liquid film into the gas core. 
7. Mist flow: Most of the liquid is carried as fine drops by the 
gas phase; that is to say, most of the liquid is entrained as fine drop-
lets by the gas while a small portion of the liquid flows as an annulus on 
the pipe wall. 
CHAPTER II 
LITERATURE REVIEW 
Flow Pattern Maps in Horizontal Pipe 
Alves ( 1) defined the flow patterns that most of the investigators 
have used. 
Baker ( 2) employed the flow pattern definitions set forth by Alves, 
adopted the data of Gazley, Jenkins, Alves and Kosterin, and presented 
a generalized plot of the flow pattern regions as shown in Figure 2. 
Baker observed that, although the borders of the various flow 
pattern regions are shown as lines, in reality these borders are rather 
broad transition zones. Since most of the available data were for the 
air-water system at atmospheric pressure, correction factors suggested 
by Holmes were introduced to adjust for other liquids and gases. 
( 2. 1) 
. ( 2. 2) 
There have been many modifications to this flow pattern map, 
such as those made by Scott (3) and Newson.(3). They use the same 
nomenclature but show different :transition lines. 
White and Huntington ( 4) proposed some variations on Alves' defi-
nitions of flow patterns and also presented their results of flow pattern 
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studies in terms qf gas and liquid flow rates with noticeable differences 
from the Baker map. 
Govier (5) too presents his results in terms of mass velocity of 
air and water showing noticeable differences from the Baker map also, 
though not as great as those shown by White and Huntington. 
Schicht ( 6) uses a superficial mass veiocity of air as ordinate 
and a dimensionless parameter, M/>...1\1 /MG*, in the x-axis. His re-
sults show the general form of the Baker map yvith some differences. 
Hoogendoorn (7) follows Kosterin in the presentation of his re-
sults. He uses a gas flow weight quality of mixture and a superficial 
mixture velocity, obtaining a general diagram for flow regions of com-
pletely different shapes than Baker and therefore difficult to compare. 
Alves ( 1) presents his results in terms of the liquid and gas super-
ficial velocities; Krasiakova (8) also uses liquid and gas superficial 
velocities. Neither of them found all seven flow patterns in their re-
sults and again obtained a map completely different from that of Baker. 
Gazley (9) and Abou-Sabe (10) have presented maps in terms of 
air and water mass flow rates, but both lack some of the flow regimes. 
Richardson (11) presented flow pattern boundaries (transition 
lines) in channels, expressing his results in terms of air and water 
mass flow rates. 
Quandt's Flow Pattern Classification 
Quandt ( 12) considers that the phase configurations are deter-
mined by a dominant force in each region. A change in the dominant 
force is reflected as a change in the observed flow pattern as it adjusts 
to the new circumstances. The assumptions are: 
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1. Gas and liquid flow in the same direction in a closed duct. 
2. Flow field is fully developed and uniform over the duct length. 
3. Frictional effects act primarily in the neighborhood of the duct 
walls. 
The forces acting on a fluid element are those due to the axial 
pressure gradient, the gravitational attraction, and the interfacial sur-
face tension. The criteria are: 
a. I gravity force I < I pressure gradient force I 
.:....c2 2 d 
- v ( t ) F = -- > -- -- - cos a 
r g.De fTP ~ o 
b. I axial pressure gradient I > jsurface tension forces I 
-2 - -
v dD 2 c W ___ e_ > -- 16 - ~ log a) 
age fTP F 
r 
c. I gravity force I > I surface tension forces I 
For slug, 
d D 2 t e g 
---- > 16 
a gc 
-2 
F = v < ~ 
r gD f e 
( 2. 3) 
(2.4) 
( 2. 5) 
( 2. 6) 
Quandt has compared Equations (2. 3) and (2. 6) with the lines 
shown on the Baker map finding good agreement. He proposes a classi-
fication of gas liquid flow patterns as indicated in Figure 3. 
Flow Pattern Maps in Vertical Pipe 
For vertical flow, Go vier ( 13) points out the following definitions 
of flow patterns: 
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Figure 3. Quandt's Flow Pattern Classification 
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(a) Bubble flow: The upward flowing liquid forms the continuous 
phase with the gas dispersed in individual bubbles, which increase in 
size, number and velocity as the gas flow increases. 
(b) Slug flow: The gas flows as large bullet shaped bubbles, 
which alternate with slugs of liquid frequently containing small gas bub-
bles. As the gas rate increases, the length, and upward velocity of the 
large bubbles increase. Each bubble is surrounded by a thin annulus of 
less rapidly moving liquid which flows into the underlying more rapidly 
moving liquid slug. 
(c) Froth: In froth flow, the tendency of the liquid to fall down-
ward past the bubbles diminishes and the bubbles degenerate merging 
with the liquid into a highly turbulent, patternless mixture. 
( d) Annular flow: This type of flow is characterized by gas, with 
more or less liquid entrained as droplets, flowing upward in the central 
part of the tube and with the remainder of the liquid travelling upward, 
but more slowly, as an annular film on the walls of the tube. 
(e) Mist: At higher gas velocities than exist in annular flow, 
droplets of liquid are captured from the film by the gas core until the 
mixture moves up the tube as a mist. 
Kozlov ( 14) defined the flow pattern boundaries in terms of the dis-
charge gas volume fraction and a discharge-mixture Froude number. 
Gale gar, Stovall and Huntington ( 15) presented empirical correlations 
in terms of mass velocities. Govier (13) presented empirical correla-
tions in terms of superficial water velocity and a dimensional product 
involving air-water volume ratio, air density and pipe diameter. 
Griffith and Wallis ( 16) followed Kozlov' s nomenclature. Ros ( 17) 
12 
defined the flow pattern boundaries in terms of dimensionless gas and 
liquid velocity numbers. 
The two-phase vertical flow maps presented by Golan and Stenning 
( 18) are probably among the most representative ones and are shown in 
Figures 4 and 5. 
A typical flow regime map developed with electrical probe ( 19) 
is shown in Figure 6. 
Pressure Drop 
Pressure drop in two-phase flow is more complex than in a single-
phase flow. 
The experimentally measured pressure drop, (.6.P/.6.L)M, repre-
sents the combined effects of friction, acceleration and elevation 
changes in the direction of flow. 
A simplified form of the mechanical energy equation applied to a 
two-phase flow is: 
( 2. 7) 
where R is the void fraction, the actual volume occupied by the vapor v 
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( 2. 8) d 
x+--Y s(l-X) 
dt 
The ratio between the actual mean velocity of the gas and the liquid is 
called the slip ratio, s. 
In this experiment we are considering adiabatic and isothermal . 
flow and therefore the viscosity and density of air and water will remain 
constant. If we also consider fully developed flows and negligible 
vaporization, we can conclude that R will be constant for each run. v 
In this case we have 
( 2. 9) 
An estimate of the range of values of the terms are found in Appendix C. 
Methods to correlate pressure drop fall into one of the four broad 
groupings: 
1. Empirical correlations. 
2, Models based on dimensional similarity or mathematical ana-
lysis, most of them included under the denomination of homogeneous 
models. 
3. Semi-empirical approaches with physical models. 
4. Numerical solutions to the energy, momentum and conserva-
tion equations. 
Lockhart and Martinelli ( 20) propose four possible mechanisms 
during the simultaneous flow of a liquid and gas corresponding to the 
combinations of turbulent and laminar flows: liquid flow is laminar and 
gas flow is also laminar; liquid flow is turbule11-t and gas flow is laminar; 
liquid flow is laminar and gas flow is turbulent; and liquid flow is turbu-
lent and gas flow is also turbulent. 
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They develop a semi-empirical correlation based on the assump-
tions that: 
1. The static pres$ure drop for the liquid phase equals the static 
pressure drop for the gas phase regardless of the flow pattern, provided 
that an appreciable radial static pressure difference does not exist. 
2. The volume occup Led by the liquid plus the volume occupied by 
the gas at any instant equals the total volume of the pipe. 
They define 
1 
(dP /dl')f TPF . ·2 
(/)V or L = [ rctP I d,e )/ ,e, or v ] (2.10) 
x= (2.11) 
where (dP/d.t)f, v apd (dP/di,\1, are the pressure gradients for the 
gas and liquid phases, respectively, flowing alone in single-phase flow 
within the channel. They presented four correlations of (/) versus 'X 
corresponding to the four mechanisms. But the effects of geometry, 
methods of injection and pressure are considerable and are not taken 
into account completely. 
To assess the effect of pressure, Martinelli and Nelson (21) 
developed a correlation of (/) versus Xtt for the turbulent-turbulent 
mechanism, where 
0.1 d 0.5 0.9 
xtt = (:,~) C<) (1;x) (2. 12) 
Baroczy ( 3) tded to improve on Lockhart and Martinelli by defin-
ing a property index and two-phase multipUer, but this does not include 
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a correction for the surface tension which is probably the main reason 
for the deviation at high pressure. 
Baker ( 22) considers the type of flow pattern when estimating two-
phase pressure drop for the turbulent-turbulent mechanism. He also 
gives .a method for correcting for hills when designing long distance 
pipelines. 
Chenoweth and Martin ( 23) propose an empirical correlation for 
turbulent-turbulent flow. Here the two-phase pressure drop is assumed 
to depend on the flowing liquid volume fraction and pseudo-single-phase 
pressure drop. 
Govier ( 5) presents a superficial friction factor in terms of the 
superficial water Reynolds number for various air-water volume ratios. 
Brigham, Holstein and Huntington (24) present correlations be-
tween a pseudo-friction factor and a flow ratio to include the effects of 
uphill and downhill flow on pressure drop. 
Jacowitz and Brodkey ( 25) have used a step-wise downstream 
method to predict pressure drop for the horizontal annular flow. 
The homogeneous model assumes no slip between liquid and gas, 
i.e., the velocit i_es of the liquid and gas are the same. This is not a 
good assumption. The frictional pressure drop is calculated by means 
of an equivalent single-phase mixture. The problem is in obtaining a 
satisfactory definition for single-phase mixture properties. 
Woods' homogeneous model uses the following definitions: 
1 - x 1-X (2. 13) ct-d +--d .e v 
1 x 1-X --- + -- (2.14) .. 
µ µv µL 
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Dukler, Wicks and Cleveland ( 26) have proposed a new approach 
to correlate frictional pressure drop in two-phase flow based on a simi-
larity analysis. They consider two flow systems that are dynamically 
similar. Therefore, they can establish the conditions of kinetic and 
• 
geometric similarity for two points located at geometrically similar 
positions relative to the boundaries. Once they relate the local quanti-
ties to space average ones, they obtain the parameters for two-phase 
flow corresponding to the Euler and Reynolds numbers for single-phase 
flow. 
An important conclusion is that for such a system the definitions 
for mixture density and mixture viscosity are no longer arbitrary. 
Dukler et al. consider four special cases and state that by proper-
ly selecting values for the grouping variables it is possible to develop 
either the friction factor or the Reynolds number expression used by 
many, if not all, of the previous investigators. 
They have experimentally checked two cases and compared the 
results of their model with those obtained with the Lockhart-Martinelli 
model. As methods for predicting hold-up are improved, those results 
should be even more satisfactory. 
Visual Study Techniques 
The methods used in visual studies of two-phase flow are indicated 
in Figure 7. 
In direct illumination photography, the subject is illuminated from 
the side on which the camera is located. The light is either reflected 
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Figure 7. Various Photography Techniques 
20 
21 
of the surface at the illuminated point. Surface disturbances are thus 
highlighted on the film. 
Shadowgraph and schlieren photography have as a basic operating 
principle the detection of density gradients which will produce a non-
uniform bending of the light which therefore produces a non- constant 
illumination of the screen. 
The three methods are distinguished by the optical paths of the 
light. 
The selection of camera and film is normally accomplished by a 
compromise between resolution and speed. The most popular camera 
is the 16mm rotating prism movie camera, operating at variable speeds 
from 300-10, 000 frames per second. 





Figure 8 gives a flow scheme of the experimental setup. The sys-
tem used in this study was air and water. The apparatus consisted of a 
1- inch ID, 12 feet long, glass pipe mounted on a wooden board on an 
angle iron frame which could be adjusted to various inclinations. After 
passing through control valves and metering instruments, the fluids 
entered the test section through a standard 3 / 4 * 3 / 4 * 3 / 4 inch screwed 
tee connection as shown in Figure 9. 
The air line consisted of a 3 / 4-inch ID schedule 40 pipe with two 
rotameters in parallel capable of measuring up to 10.45 ft3 /min each, 
and two 3/4-inch globe valves to regulate the flow on each branch. At 
the outlet of each rotameter there were two 3/4-inch check valves to 
prevent water getting inside the rotameters. 
The water line was a 3/4-inch ID schedule 40 pipe with a globe 
valv~ to regulate the amount of water required. Although an orifice 
meter was installed in the line to measure the flow rates, the meter 
was not used because it was considered to be more accurate to direct 
the flow to a container on a scale where the weight of water existing 
during a given time period was measured and converted into gal/min. 
This time period depended on the flow rate of water which varied from 1 
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Liquid and gas were fed simultaneously to the test section through 
a standard 3/4* 3/4* 3/4-inch screwed pipe tee connection with the liquid 
entering the run and the gas entering vertically downward through the 
branch. 
The connection from the 3/4-inch pipe to the 1-inch ID glass pipe 
was made with a 1-inch ID plastic tube and hose clamps. The distance 
between. the mixing tee and the entrance to the glass pipe was three feet. 
The test sect lon consisted of the glass pipe and the manometer. 
The glass pipe was 12 feet long with two 1/4-inch ID pressure 
taps welded 10 feet apart and connected with 1/4-inch ID plastic tubing 
to a manometer. Since the presence of two phases in the manometer 
lines can cause serious errors, the pressure taps were situated at the 
bottom of the pipe to avoid air bubbles in the manometer lines. 
Mechanically induced vibrations transmitted to the test section 
could affect the pressure drop readings strongly and increase the risk 
of breaking the glass pipe. For this reason the glass pipe was mounted 
on a 12-foot board which was six inches wide and one-half inch thick. 
Rubber-cushioned bolts at two-foot intervals fastened the glass pipe to 
the board. Plastic-pipe connections were used upstream and down-
stream of the glass pipe. Thus the pipe did not move during fluctuating 
flow. 
' 
The air-over-water manometer was an eight-foot inverted U-tube 
made of 1 I 4-inch ID glass tubing mounted on a nine-foot board. In this 
way it was possible to obta Ln a larger scale for reading and at the same 
time it was safe in the event of a high pressure drop which could throw 
out the manometric fluid. 
There was a stopcock valve on top of the inverted U-tube mano-
meter to purge the air bubbles in the lines and to eventually displace 
the level of water to facilitate the readings. 
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The two-phase flow was directed either to the drain or to a con-
tainer on a scale to measure the flow rate of water. 
Photography 
In close-up photography correct focusing of the subject comes 
first; at the same time, some depth of field is required. While in the 
experiment the plane passing through the center of the glass pipe was 
considered the main subject, it was intended to have a depth of field for 
the whole glass pipe as well, so that blur would be negligible in this 
zone. 
This could be done by varying three factors which can be adjusted 
independently or in combination: 
1. Focal length of the lens, so we would use a wide angle lens to 
get more depth of field. In the experiment a normal f: 50mm Nikkor-H 
Auto 1: 2 lens was used. 
2. The lens-taking aperture should be a small one and a high 
shutter speed should be used. In the experiment a shutter speed of 
1/1000 second and lens apertures of f/2.8 and f/3.5 achieved the best 
results. 
3. Lens to subject distance: this would imply using special close-
up lenses. Good focus can be achieved by increasing the magnification 
power of the lens through the attachment of a supplementary lens to the 
camera lens or by extending the lens to film distance through the inser-
27 
tion of a device of a fixed (ring) or adjustable (bellows) length between 
the lens and the camera body. 
In this experiment pictures were taken with a Nikon F camera 
provided with a waist-level Finder, and a f:50mm Nikkor-H Auto 1:2 
lens with a polaroid filter to minimize reflections in the glass. The 
camera was provided also with a K-1 extension ring to give a greater 
depth of field and magnification. The pictures were focused on the 
middle of the pipe with black paper for background. The camera was 
mounted on a tripod to keep the camera steady and a cable release was 
employed. Kodak Tri X film was used. 
For a future study it would be better to use a 55mm f/3.5 Micro-




In each run the following readings were taken: Air and water flow 
rates; maximum, minimum and average pressure drops; visual observa-
tions of the flow regimes involved; and photographs of the typical flow 
regimes. These data were obtained for the isothermal and adiabatic 
two-phase flow of water and air mixtures at near room temperatures. 
For each inclination of the glass pipe several series of runs were 
made. In each series the flow rate of water was kept constant while the 
amount of air was varied from Oto 20.90 n 3 /min in such a way as to 
obtain data points showing a clearly defined flow pattern. Thus, in the 
case of a transition line being found the zone represented by this transi-
tion line could be limited between two data points. 
Before taking any data, ample time was allowed on each run to 
insure steady-state conditions. The time varied from 5 to 25 minutes 
depending on the flow rates involved. 
In each series one run was repeated to insure the same readings, 
but in the slug flow regime the reproducibility was not always good. 
With some flow regimes, reading the rotameters and manometers 
was difficult due to pulsations. In order to avoid these pulsations, both 
rotameters were provided with globe valves which helped to eliminate 
the fluctuations by allowing the same amount of air to pass through each 
rotameter. For the same reasons, three readings were taken in the 
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manometers corresponding to maximum, minimum and average pressure 
drops observed during a given run. Although for some runs with no 
fluctuations only one pressure drop reading was sufficient, for other 
runs two pressure readings were takeri because the maximum or mini-
mum pressure drop reading was assumed to be the same reading as the 
average one. 
It was observed that for low flows of water the inlet mixing tee and 
wall effects were factors to be considered in the analysis of the results. 
This is because the stratified flow regime is unstable in such a way that 
if there is any irregularity in the pipe, such as those produced by the 
pressure taps or by a slight dip, waves will be produced. 
The connection between the 3/4-inch pipe and the test section was 
made with plastic pipe so that if a bend was formed in the plastic pipe, 
water could accumulate and be blown up periodically by the upcoming 
air producing a slug. Inadequate mixing is caused by the mixing tee, 
because the water goes preferentially to the bottom of the pipe while the 
lighter air remains on top of the pipe. 
Special precautions were taken against air getting inside the mano-
meter lines; two stopcock valves were used in the 1 I 4-inch plastic tub-
ing line to decrease the effective diameter of the line for the air bubbles. 
Photographs were taken with a shutter speed of 1 I 1000 second to 
stop the action as much as possible. The best lens apertures were 
f I 2 . 8 and f I 3 . 5 . 
CHAPTER V 
REPRESENTATION AND DISCUSSION 
OF RESULTS 
The pressure drops in the pipe were calculated using the following 
equation and a picture of the system is shown in Figure 10. 
where 
.6.h = manometer indication, inches 
d.R, 0= density of water, 62.3 lbm/ft3 
d = density of air, 0.08071 lb /ft 3 
v m 
h 1 = height of pressure tap 1, inches 
h 2 = height of pressure tap 2, inches 
.6.P1 = pressure drop between points 1-2, psf/ft length. 
( 5. 1) 
When Baker ( 2) presented his results, he used G i, \.f /GV as the 
abscissa and Gvl>... as the ordinate. In this text, however, a transform-
ed Baker flow regime map will be used to present the results defining 
the ordinate~ y, as Gv/A and the abscissa, x, as G..e~· 
The transformed Baker map coordinates have been calculated as 
follows: 
= V 62.3 * 0.08071 
':! (\ 
= 2. 24 lb I ft 3 
m 
( 5. 2) 
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CY d 3 
i, 
_,l,_ 
{ 2 .4 2 )3 = -~-__.___,2.,...-
73 * (62.3)3 
5/3 
= 0.001172 cm-!t 1 
3 -dyn-hr -lb 3 
m 
V = ( y J\ lb I h - ft 2 ) ( s ft 2 ) ( 1 ) ( 1 h ) 
v m d . lb I ft 3 6 0 min / 
v m 
1 = y * 2.24 * 0.005454 * 0.08071 * 60 
-3 3 
= 2.5228 * 10 y ft /min 
lh * 1 gal 
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( 5. 3) 
(5.4) 
v = x 1. lb I h - ft 2 ( s ft 2 ) 1 
L • d Th/ft 3 
i, 
60 min* 0.13368 ft 3 
= x o.ot1112 * 0 ·005454 * 62.3 * 65 * 0.13368 
= 9.304 * 10- 3 * x gal/min ( 5. 5) 
So that the actual data readings of air and water flow rates can be 
converted to the coordinates which will be used in the presentation of 
the results, the coordinates y and x corresponding to certain air and 
water flow rates are given: 
-
x-y 10° 10 1 10 2 103 104 105 
f 
Air 2.52*10-l 2.52*10° 2.52*101 2.52 * 10 2 t3/min 
Water 9.3 *10- 3 9.3 *10- 2 9.3 *10- 1 9.3*10° 9.3*10 2 9.3*10 2 al/min g 
( 5. 6) 
A 11 the calculations were performed with a Friden electronic 
calculator and the results are given in Appendix D. 
The experiment was divided into three parts corresponding to 




This series of runs was made in order to have a basis to compare 
with the transformed Baker flow regime map ( 27 ). 
A total of 106 points was measured. These were distributed in 
nine series; in each series the, flow rate of water was kept constant 
while the air flow rates were varied. The water flow rates ranged from 
0. 041 to 7. 986 gal/min while the air flow rates ranged from 0.0 to 20.9 
ft 3 /min. 
The transformed Baker flow regime map as indicated by the pre-
sent results is shown in Figure 11. It is necessary to clarify that the 
line of separation .between wavy and annular regions is difficult to draw 
because the wall effect, mixing tee and external configuration of the 
system play an important role. Comparison with the transformed 
Baker's map indicates that this line, wavy-annular, is almost a hori-
zontal line and tends to intersect the ordinate axis at G If..= 104 . 
v 
The separation line between plug and slug is not so steep com-
pared to Baker's transformed map, Also, it is displaced upward giving 
a larger plug region. 
The separation line between slug and annular region is not as 
curved as in the transformed Baker's map, but otherwise it is drawn 
at approximately the same ordinates as in the transformed Baker's map. 
The boundary between stratified-plug-slug-wavy-annular regions 
is not clear and there exists the possibility that the wavy region should 
extend to the x-axis. 
The wall effect region can be limited to GI,¢< 1. 5 * 1 o1 where 
the stratified region is influenced by the mixing tee wall effects and ex-
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F'igure 11. Modified Baker Map for Horizontal Pipe 
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A new and probably better method of presenting the results is 
shown in Figure 12, where the pressure drop in psf/ft of length is given 
together with the flow pattern regions for the nine series of runs. The 
pressure drop is the ordinate and Gvl A is the abscissa while G .t $ is the 
variable parameter. 
In some runs it was necessary to take three pressure drop read-
ings corresponding to a maximum, minimum and average, while in other 
instances two readings or, when there was no oscillation, even one 
reading would suffice. In Figure 12 only the average pressure drop 
readings are shown. 
0 From the results it can be seen that for G..e,W = 4.35 * 10 and 
G $ = 1.24 * 101; only one reading was necessary. Since it was in the 
R, 
wall effects region, readings were taken through the stratified, wavy 
and annular regions. The results ;:ire given in Appendix D. 
G.t$ = 2.05 * 101, G..e,W = 2.36 * 101 and G.t$ = 3.6 * 101 show little 
oscillation of the pressure drop. This series of data points was taken 
in the stratified, wavy and annular regions. 
G ;,* = 9.0 * 101 shows some points with great oscillations. This 
is a clear indication that they are in the transition line from wavy to 
slug flow regime. 
G..e,* = 1.7 * 102 and G.e$ = 3.65 * 102 show points with great oscilla-
tions even with negative pressure drop readings. The system goes from 
plug region to slug region and finally to annular. In the annular region, 
the three readings tend to join in only one point. It can be seen also 





a C1 IV =8 .58*10~ 
b G IV =3.65*1n'. 
c G1 IV =I. 70*10~ 
d GI IV = 9 . 0 O*I ~ J 
e G1 W =3.60*10 
f G1W =2 . .36*101 
g ~ W = 2 . 0 5*1 0 I 
h G1 W =I ,24*101 
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G .e~ = 8. 58 * 1 o2 shows that the oscillations in the slug regime are 
not as great as before. This could be interpreted as being due to the 
fact that the air cannot produce a fast speed slug with the high flow rates 
of water. 
Comparing all the results, it can be said that the pressure drop 
increases with increasing flow rate of water and also that the pressure 
drop increase is greater at larger flow rates of water. This increase 
in pressure drop is due not only to the larger amount of liquid being . 
transported, but also is a result of the decreased flow area open to the 
gas phase and of irreversible work performed on the liquid by the gas. 
It can be concluded that the stratified and wavy regions will give a 
low pressure drop while the plug, slug and annular regions will give a 
high pressure drop which will be higher at increasing water flow rates. 
Pipe Inclined 5° Downward Flow 
In this series of runs a total of 114 points was measured. These 
were distributed in 11 series. In each series the flow rate of water 
was kept constant while the air flow rate was varied. 
The water flow rates ranged from 0. 077 to 8. 11 gal/min while 
the air flow rates varied from 0. 0 to 20. 9 rt3 /min. 
The Baker type flow regime map as indicated by the present re-
sults is shown in Figure 13. This figure primarily demonstrates that 
the wavy region has increased in size while the plug and slug regions 
have decreased. A decrease in the stratified region would have been 
expected because now the gravity force acting on the two-phase flow has 
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Figure 13. Baker Map for Pipe Inclined 5° 
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vertical and therefore the stratified flow, which is totally gravity con-
trolled, should be more influenced, thus giving a smaller stratified 
region. 
As shown previously, the transition line from wavy to annular 
seems to be more similar to a horizontal line than to what Baker origin-
ally illustrated in Baker's transformed map. 
The plug-slug line also appears to be more similar to a horizontal 
line than in Baker's map and it has the same ordinates as we found in 
the horizonta 1 pipe. 
There are indications of change of flow regimes with length. This 
was occasionally seen in the following cases: ( 1) Annular at the inlet 
going to slug at the outlet of the pipe; ( 2) plug going to wavy; ( 3) wavy 
going to stratified. Although this appears to be a sound theory, there 
is not positive confirmation that this actually happens. 
Figure 14 shows the probable flow pattern regions together with 
the average pressure drop readings in psf/ft length. The pressure drop 
is the ordinate and Gv/ fl. is the abscissa, while G £,~ is the variable para-
meter. In some runs it was necessary to take three pressure drop 
readings corresponding to a maximum, minimum and average; in other 
instances two readings were sufficient or even one reading when there 
was no oscillation. 
To help to interpret the results, an oscillation is going to be con-
sidered when there is at least two inches of water variation between 
maximum and minimum readings; this is equivalent to 1.05 psf /ft. 
In general it can be said that the results do not correlate as well 
as in the horizontal case, because there are more irregular oscillations. 
100 ·.--~~---~---------...,...,r-,---~~--~----------.-,.--






a G1 w =8.70*10~ 
b G1 W =7 .93*102 
c G W = 5 • 2 O*I O 
d G1 W =4 .50*102 
e G: W =2 .20*10~ 
f G1 W =I • 72*102 
g G1 w =I. 28*101' 
h GI W =7 • 7 O*I O I 
i GI W = 4 • 7 O*I O I
j ~I W = 2 • IO * I o0 
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Figure 14. Pressure-Flow Pattern Map for 
Pipe Inc lined 5° 
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G.eW = 7.8 * 100, G.e* = 2.1 * 101, and G,eW = 4.7 * 101 show that 
only one reading was required to take in the manometer. The data 
points are found in the stratified, wavy and annular regions. 
G,eW = 7.7 * 10 1, 1.28 * 102, 1.72 * 102, 2.2 * 102 show little 
oscillation and it can be concluded that the oscillations were found in 
points in the boundary with the slug region; otherwise the points are 
found in the straHfied, wavy and annular regions. 
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G.eW = 4.5 * 102, 5.2 * 102, 7.93 * 10 2 and 8.7 * 102 show great 
oscillations which can be interpreted as points found in the plug, slug 
and finally the annular regions. · 
As previously found, the wavy and stratified regions give low 
pressure drop; now, however, part of the plug region also gives a small 
pressure drop while the upper part of the plug region and the slug and 
annular regions give a high pressure drop. 
Pressure drop is higher at high er water flow rates. 
The pressure drop lines are very steep at low G .e* and t},e slope 
of these lines decreases as this parameter G i* increases. 
Pipe Inclined 15° Downward Flow 
In this series of runs a total of 133 points was measured. They 
were distributed in 15 series. In each series the flow rate of water 
was kept constant while the air flow rate was varied. 
The water flow rates ranged from 0.060 to 5.124 gal/min while 
the air flow rates varied from 0.0 to 20.9 ft 3 /min. 
The transformed Baker flow regime map as indicated by the 
present results is shown in Figure 15. This figure shows that there is 
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Figure 15. Baker Map for Pipe Inclined 15° 
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in size, the wavy region remains the same and the stratified region is 
decreased. If the boundary line between stratifi.ed and wavy regions 
were extended, it would intersect the x-axis at G i, ~ = 7 * 101, while 
the wavy-bubble boundary line would intersect at G i, * = 3 * 10 2 
The plug flow as it was defined previously does not appear and 
there is a new type of flow which will be considered as bubble flow. 
Small plugs are found dispersed through the top of the Liquid, and 
therefore, it is reasonable to assume that what is plug flow at the inlet 
of the pipe becomes bubble flow at the outlet and that with a slightly 
greater inclination, only the bubble flow would be found. 
On the other hand, the line of separation between this new bubble 
zone and the slug zone occurs at ordinates of G //\:; 7. 5 * 10 2 or the v , 
same as it was in previous cases. 
Also G,e*< 1.5 * 101 may be considered the zone where the wall, 
mixing tee and external effects are important. 
The line of separation between slug and annular zones remains at 
the same ordinates. 
Another finding is the confirmation of change of flow regimes with 
length. In addition to plug going to bubble, it was also observed that 
annular flow at the inlet of the test section becomes slug at the outlet. 
There were some indications, without a positive confirmation, of 
wavy going to slug flow and of wavy going to stratified flow. It could be 
confirmed with greater length and without external effects due to mixing. 
Another observation is that for the high air flow rates there are 
indications of changes in the conventional annular flow regime. One 
change is that the liquid film on the wall becomes milkier tn color. This 
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could be because of the higher air flow rates or because part of the 
liquid is becoming entrained in the core gas. 
Figure 16 shows the results of average pressure drop readings 
and flow patterns presented together in a single figure. The average 
pressure drop in psf/ft length is the ordinate, G /A. is the abscissa, v 
while G ..e* is the variable parameter. 
In some runs it was necessary to take three pressure drop read-
ings corresponding to a maximum, minimum and average, and in other 
cases two readings or, when there was no oscillation, even one reading 
sufficed. 
An oscillation will be considered when there is at least two inches 
of water variation between maximum and minimum readings. This is 
equivalent to 1.05 psf /ft. 
G * = 6.45 * 10°, 1.39 
P, 
1.97 * 101 show no practical fluctua-
tion. The data points are found in the stratified, wavy and annular 
zones. 
Gt*= 4.24 * 101 shows in the first four points oscillations which 
would not be expected. The reading for the average pressure drop is 
higher than in subsequent series. This could be explained as the effects 
of the mixing tee, etc., or as a result of the transition zone approaching. 
Gt*= 6.06 * 101, 8.0 * 101, 9.7 * 101, 1.09 *10 2 show consis-
tently in the first points a small oscillation. This is an indication that 
these points are i:1 a modified wavy zone because the transition line 
with the slug and bubble zone is very close. 
Gt*= 1.60 * 102, 1.96 * 102, 2.28 * 102, 3.34 * 102, 3.87 * 10 2, 
4.68 * 102, 5.5 * 102 show the typical oscillations of at least 1.05 psf /ft 
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Figure 16. Pressure-Flow Pattern Map for Pipe Inclined 15° 
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It can also be seen that G.e* = 2.28 * 102 gives higher average 
pressure drop readings than subsequent series of readings. There is 
no explanation for thi.s behavior unless the difficulty of the experimental 
readings made them inaccurate. 
In general the pressure drop measurements do not correlate as 
well as in the horizontal case because oscillations are greater and more 
frequent. There are some points with negative pressure drop readings 
for the minimum value. Those occur especially in the slug zone for low 
air flow rates. 
The oscillation shown in the stratified zone occurs because in this 
so-called wall effect zoneJ the stratified flow regime is unstable and 
from time to time a slug is superimposed in the stratified flow due to 
the external effects, mixing tee and plastic connect ions, producing the 
oscillation in the pressure drop reading. 
In general it can be said that the pressure drop increases as the 
water flow rate increases but this does not occur as regularly as in the 
horizontal case or even in the 5° inclination pipe case. 
The wavy and stratified region present a low pressure drop but 
now that tbe stratified zone has been reduced, it can be seen that part 
of the bubble and slug zone have also a low pressure drop and that the 
zone of the high pressure drop is occupied by the bubble, slug and 
annular regions. 
CHARTER VI 
CONCLUSIONS AND RECOMMENDATIONS 
Conclusions 
The general conclusions from this study are as follows: 
1. In our configuration the stratified zone is greatly influenced 
by external and wall effects and the mixing tee. 
2. The transition line between wave and annular zones seems to 
be much closer to a horizontal line than to a vertical one as in previous 
maps. 
3. There is a change of flow with length, and this seems to occur 
more frequently with a greater angle of inclination. It would be expedi-
ent to verify these findings with a larger length and other degrees of 
inclination. 
4. Some flow regimes tend to disappear with increasing inclina-
tion. Examples are the plug flow going to bubble flow regime and strati-
fied flow going to wavy flow regime. 
5. The general trend of the pressure drop curves shows that for 
constant air flow rates the increase of water flow rates will increase 
the pressure drop relatively more at low air flow rates. 
For constant water flow rates the results show that at low water 
flow rate values the pressure drop curves are very steep, while at high 




6. Plug and slug flow regimes give large oscillations of pressure 
drop and these are even more pronounced with increased angles of in-
clination of the pipe. 
7. There seems to be no sharp transition when one moves from 
one zone of the Baker map to another. 
8. For constant water flow rates the oscillations are greater at 
low air flow rates. 
9. In the slug flow regime the oscillations in the pressure drop 
at constant air flow rates decrease with increasing water flow rates. 
10. In the slug flow regime a few negative pressure drops were 
recorded for some low flow rates of air due to the pulsations. 
Recommendations 
The general recommendations from this study are as follows: 
1. Larger inclinations of the pipe should be studied. 
2. A closed circuit for the water with a pump to provide sufficient 
flow rates of water should be employed, combined with an air compres-
sor and pressure regulator to insure the same conditions at all times. 
3. Sufficient pipe should be used to achieve fully developed flows 
and to observe clearly flow regime changes while eliminating effects of 
mixers, bends and outlets. 
4. Special air-water mLxers and inlet and outlet calming sections 
should be used to insure that pulsations are due only to the flow. This 
could also check the influence of external effects in the change of flow 
regimes with length. 
5. The effects of changes in pressure and temperature on 
different gas-liquid combinations should be studied. 
49 
6. Pressure transducers connected to an oscillograph to measure 
pressure and record pulsations should be employed. Over a long period 
of time, this record could be used to correlate flow patterns with pres-
sure pulsations. 
7. Void fraction and its distribution should be measured. These 
parameters are an indirect measure of vapor liquid slip ratio and of 
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M * G 
p 
p( 
annular flow reglme 
mist flow regime 
bubble flow regime 
inside glass pipe diameter, in., ft 
equivalent hydrauHc diameter, in., ft 
density of a homogeneous mixture of liquld and gas, 
lbm/ft3 
effective density of a two-phase mixture, lb /ft3 
density of liquld, lbm /ft3 
local pressure gradient, psf /ft 
density of gas, lbm/ft3 
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Froude number based on homogeneous gas-liquid mixture, 
[-] 
Fanning friction factor of single phase, [-J 
friction factor of two-phase mixture, [-J 
super£icial mass velocity of the mixture, lbm/hr-ft 2 
superficial mass velocity of the liquid, lb /hr-ft 2 m 
superficial mass velocity of the gas, lb /hr-ft 
m 
local acceleration of gravity, ft/hr 2 
gravitational conversion constant, 4.17*108 lb -ft/lb -hn 2 
m f 
height of water in the manometer, in. 
length of" glass pipe, ft 
2 superficial mass velocity of the liquid, lbm/hr-ft 
liquid mass flow rate, kg/ sec 
gas mass flow rate, kg/sec 
plug flow regime 
















critical pressure of gas, 




Reynolds numbers of the liquid and gas phases, 
respectively, [-J 
liquid volume fraction, [-J 
gas phase volume fraction, [-J 
cross-sectional area of conduit, ft 2, in. 2 
slug flow regime 
stratified flow regime 
slip ratio, [-J 
liquid volume flow rate, gal/min 
gas volume flow rate, n 3 /min 
linear velocity of homogeneous gas-liquid mixture, 
ft/ sec; ft/hr 
true mean velocities of the liquid and gas phases, 
respectively, ft/hr; ft/ sec 
wavy flow regime 
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Weber number based on homogeneous liquid velocity and 
density, [-J 
liquid mass flow rate, lb /min; lb /hr 
m m 
gas mass flow rate, lb /min; lb /hr 
m m 
flow weight quality of mixture, [-J 
abscissa of transformed Baker map, 
"lb2/3 -cm 
h 4 I 3 ftl I 3 d r - - yne 
ordinate of transformed Baker map, ft/hr 
angle of orientation to vertical 
minimum flow rate for a continuous liquid film 
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.6.h manometer inqicatiort, in . 
.6.P pressure drop, psf /ft 
(.6.P I .6.L)f pressure drop due to friction, psf /ft 
(.6.P I .6.L)g pressure drop due to hydrostatic effects, psf /ft 
(.6.P/.6.L)M experimentally measured pressure drop, psf /ft 
I\ Baker flow regime parameter, I\= V dvd.t lbm/ft3 
\ parameters used by Baker in the original version of his 
flow regime map, [-J 
(/) 
viscosity of homogeneous mixture, lb/ft-hr 
viscosity of liquid, lbm/ft-hr 
viscosity of gas, lb /ft-hr 
m 
surface tens ion, dyne I cm 
Lockhart-Martinelli two-phase pressure drop parameter, 
[-] 
Martinelli parameter for two-phase flow, [- j 





PHOTOGRAPHS OF CHARACTERISTIC 
FLOW PATTERNS 
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Figure 17. Horizontal Pipe, Plug Flow 
2 
G1, 'V = 2.9 x 10 
G / A = 5.3xl02 v 
Figure 18. Horizontal Pipe, Stratified Flow 
1 
G1, 'V = 3.7 x 10 
Figure 19. 
G I A = 2. 5 x 102 
v 
Horizontal Pipe, Wavy Flow 
G1, 'V = 3.9x 101 
G / A = 3.5xl03 
v 
58 
Figure 20. Horizontal Pipe, Annular Flow 
2 
G.e * = 4. 9 x 10 
G / A = 8. 0 x 10 
3 
v 
Figure 21. Horizontal Pipe, Slug Flow 
2 
G.e* = 5.2x 10 




Figure 22. Pipe Inclined 15°, Bubble Flow 
G,e W = 4.lxl02 
Figure 23. 
G //\ = 5. 6 x 102 v 
Pipe Inclined 15°, Stratified Flow 
1 
G,eW = 1.9x 10 
G / /\ = 8. 1 x 102 v 
Figure 24. 
0 
Pipe Inc lined 15 , Wavy Flow 
G,eW = 3.5x10 1 
G / /\ = 5. Ox 103 v 
60 
Figure 25. 
Figure 26 . 
Pipe Inclined 15° , Annular F low 
2 
G,e,W = 3 . 5x10 
G / /\ = 8.2x 103 v 
0 
P ipe Inclined 15 , Slug Flow 
G,e,W = 2.lxlO 2 




PRESSURE DROP CONTRIBUTIONS 
112 · 
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The friction and hydrostatic contribution to the pressure drop in 
the experiment can be estimated using the following equation:( 27 ): 
To evaluate these terms we need to define 
Then if 




- v x -w +w 
v .R, 
w 
G = _x._ 
v s 
d 0.57 0. 11 -c1-x, c· v, (µ", x tt ... _x:- ) d .R, ) µ v ) 
p' 
Pr = p of the air 
c 
DG 
(R ) = ___J:.. > 2100 
e· .R, µ.R, 
0.078 f =--~,-

















(Re) < 2100 
i, 
DG 
(Re) = (--v) > 2100 
v · µv 
f = 0.078 
v DG 4 
r-vl 
._ µv 
2f G 2 
v v 
g d D 
c v 
(' ~p) = (/)2 1. 7 5 (·dP'\ 
1. ~ L tt X ' di, J 







If both (Re) and (Re) < 2100, we should use the Fanning function 
i, v 
chart., but probably the pressure drop will be negligible. 
Ri,, Rv and <Z\t are found with the Martinelli-Nelson correlations 
as functions of Vx tt and Pr. 
It is now possible to tabulate the results for three extreme cases 
for the 15° inclination pipe: 
d 0.57 0 57 
( 2"') = (0,0807 .. , . = 0.024 
._ d ; \ 62.3 ,.. i, ' 
(C. 16) 
Cl.0019 "\ = 0.01'815 I ;; 
P = 545 psia 
c 
P = 0 029 r . 
65 
1. 55 (C.17) 
w,, =; v,, gal/mip. * 8. 34 lb/ gal * 60 m'i.n/hr = 500 v,, lb /hr 
. Wv = Vv ft 3/min * 0,0807 lb/ft3 * 60 min/hr = 4.85 Vv lb/hr. 
We can conclude from the followi,ng table that the contribution of 
the hydrostatic effect to the total pressure drop will be from 10 to 65 
percent in the extreme cases while in a normal case it will be approxi-










































































Gt or Gv 
































annular flow regime 
bubble flow regime 
plug flow regime 
slug flow regime 
stratified flow regime 
liquid volume flow rate, gal/min 
gas volume flow rate, ft 3 /min 
wavy flow regime 
average manometer indication, in. of water 
maximum manometer indication, in. of water 
minimum manometer indication, in. of water 
average pressure drop, psf I ft length 
maximum pressure drop, psf/ft length 
minimum pressure drop, psf /ft length 
Baker flow regime parameter, lb /ft 3 
m 




The ordinates of the Baker map were calculated using Equation 
(5.4) :where y ::"' Gv/.A represents the ordinate. 
The abscissas of the Baker map were calculated using Equation 
(5. 5) ;where x :::·Gi,* represents the' abscissa. 
The pressure drops were calculated using Equation ( 5. 1) in which 
1. hl - h2 = 0.0 in the horizontal case; 
2. hl - h 2 
.,.. 10*12* sin 5° for the pipe inclined 5°; 
3, hl - h = 10 * 12 * sin 15° for the pipe inclined 15°. 2 
Sample Calculation 
For run No. 78 in the case of pipe inclined 15° 
v 
y = G /fl.= v 
v 2.5228 * 
.6.h = 37 ave 
.6.h = 39 max 
.6.h . = 36 mm 
v = 15.257 v 
= 
15. 257 
10- 3 2.5228 * 10- 3 
= 6. 047 * 
x = G ¢ = 
t 9.304 * 10- 3 = 
1. 825 = 1.96 * 10 2 
9. 304 * 10- 3 
103 
.6.P ave = 1~ [~; (62. 3 - 0. 08) - 6~:/ (10 * 12 * sin 15°)1 = 2. 984 
.:'.). p = _l_ c~ ( 6 2. 3 - 0. 08) - 6 2 . 3 ( 10 * 12 * sin 15° )1 = 4. 0 21 max 10 12 1 2 _i 
.6.P min= 110 [i~ (62. 3 - 0. 08) - 6 ~2 3 (10 * 12 * sin 15°)1 = 2. 466 
69 
The Flow column refers to the possible visual observation of the 
flow regime which in some cases corresponds to two or three different 
possible flows because it was difficult to distinguish which one was the 
true flow regime. 
The runs in the tables which are indicated by arrows {-+) designate 
changes of flow pattern with length of pipe. 
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TABLE II 
EXPERIMENTAL AND CALCULATED DATA IN HORIZONTAL PIPE 
Run v .C..h .C..h min .C..h Flow G /A .C..P .C..P min .C..P v max ave v max ave 
Series No. 1. Vt"'l.561 Series, No: 1. G_el\r = 1. ,7 * 102 
1. 045 7 -1 2 P-ST-W 4. 142 * 102 3. 629 -0.518 1. 036 
2 2. 090 8 -1 2. 5 SL-W-P 8. 284 * 102 4. 147 -0. 518 1. 296 
3 3. 135 8 -1 2. 5 SL-W-P 1. 242 * 103 4. 147 -0. 518 1. 296 
4 4.075 8 -1 2. 5 SL-W 1. 615 * 103 4. 147 -0. 518 1. 296 
5 5. 225 8 0. 5 3.0 SL 2. 071 * 103 4. 147 0. 259 1.549 
6 6. 270 7 0. 5 3.5 SL 2. 485 * 103 3.629 0. 259 1. 814 
7 7. 524 6. 5 3 4.0 SL 2. 982 * 103 3.370 1. 555 2.075 
8 10.030 7 4 5. 5 SL-A 3. 975 * 103 3.629 2. 074 2,,851 
9 20.480 21 18 20 A 8.117 * 103 10.888 9,332 10. 369 
10 14. 212 11 8. 5 10 A 5. 633 * 103 5. 703 4. 407 5. 184 
11 11. 495 7 SL-A 4. 556 * 103 3. 629 
12 12. 540 10 7 9 A 4. 970 * 103 5. 184 3. 629 4.666 
Series, No, 2. Vt • 0. 335 Series No. 2. Gt~= 3. 6 * 101 
13 10. 241 2. 1 1. 9 2 w 4, 059 * 103 1.088 0.985 1. 036 
14 4. 598 0. 5 0.35 0. 45 ST-W 1. 8 22 * 103 0. 259 0. 181 0. 233 
15 3. 553 0.35 ST 1. 408 * 103 0. 181 
16 2. 508 0. 3 ST 9. 941 * 102 0. 155 
17 5. 225 0.45 W-ST 2. 071 * 103 0. 233 
18 7. 106 0.95 0.65 0.8 w 2. 816 * 103 0.492 0. 337 0.414 
19 8. 882 1. 3 1. 2 w 3. 520 * 103 0. 674 0. 622 
20 12. 540 2. 3 2. 7 W-A 4. 970 * 103 1. 192 1. 399 
21 15.466 4 A-W 6. 130 * 103 2. 073 
22 17. 347 5 A 6. 876 * 103 2. 592 
23 18. 392 5.5 A 7. 290 * 103 2. A51 
24 20.480 7 A 8. 117 * 103 3. 629 
Series No. 3. V,e=0.190 Series No. 3. G iv= 2 05 * 101 t . 
25 18.392 4. 5 A 7. 290 * 103 2.333 
26 12. 958 2.6 2 2. 1 w 5. 136 * 10 3 1. 348 1.036 1. 088 
27 15. 257 2. 7 W-A 6. 047 * 103 1. 399 
28 14.421 2. 5 W-A 5. 716 * 103 1. 296 
29 15. 466 2. 8 A-W 6. 130 * 103 1. 451 
30 16. 511 3.4 A 6. 544 * 103 1. 762 
31 20. 064 5 A 7. 952 * 103 2. 592 
32 5. 852 0.5 0.45 ST 2. 139 * 103 o. 233 
33 6.897 0. 55 ST 2. 7 33 * 103 0. 285 
34 8.673 0. 9 0.75 0.8 W-ST 3.438 * 103 0.466 0. 388 0.414 
35 9. 823 1. 1 W-ST , 3.893 * 103 0.570 
36 10.450 1. 25 w 4. 142 * 103 0.648 
37 11. 495 1.65 ,w 4. 556 * 103 0.855 
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TABLE II (Continued) 
Run v ~h ~h min ~h Flow G /~ 
~p ~p .. ~p 
v max ave v max mm ave 
Series No. 4. v,,•0.220 Series No. 4. Gt*= 2. 36 * 101 
38 13. 585 2, 5 2.4 W-A 5. 384 * 103 1. 296 1. 244 
39 5. 956 o. 5 ST 2.361 * 103 0. 259 
40 4. 180 0. 3 ST 1. 656 * 103 0, 155 
41 8. 151 0.9 0.75 0.8 ST-W 3., 230 * 103 0.466 0. 388 0.414 
42 8.987 0.85 0. 9 ST-W 3. 562 * 103 0.440 0.466 
43 9.405 1. 1 w 3. 7 27 * 103 0. 570 
44 10, 241 1. 3 w 4, 059 * 103 0.674 
45 10. 659 1.45 w 4. 225 * 103 6. 751 
46 11. 077 1. 6 w 4. 390 * 103 0.829 
47 12. 331 2. 0 W-A 4. 887 * 103 1. 036 
48 12. 853 2, 25 W-A 5, 094 * 103 1. 166 
49 14.421 2. 85. W-A 5. 716 * 103 1. 477 
50 15.884 3.4 A-W 6. 296 * 103 1. 762 
51 17. 347 4. 5 A 6. 876 * 103 2,333 
52 19.855 5. 1 5. 5 A 7. 870 * 103 2. 644 2. 851 
Series No. 5. v,,·0.115 Series No. 5. Gt* • 1. 24 * 10 l 
53 18.601 3. 5 A 7. 37 3 * 103 1. 814 
54 12. 122 1. 4 W-ST 4, 804 * 103 0. 725 
55 7.315 0.6 ST 2, 899 * 103 0. 311 
56 6. 270 0. 5 ST 2. 485 * 103 0.259 
57 8.360 o. 7 ST 3. 313 * 103 0. 362 
58 9. 614 0.8 ST-W 3. 810 * 103 0.414 
59 10.450 o .. 9 S'r-W 4. 142 * 103 0.466 
60 11. 495 1. 25 W-ST 4, 556 * 103 0, 648 
61 12, 540 1. 65 w 4. 970 * 103 0. 855 
62 13. 585 1. 90 w 5. 384 * 103 0. 985 
63 15.884 2. 55 W-A 6. 296 * 103 1. 322 
64 16. 929 3 A 6.710* 103 1. 555 
65 20. 273 3. 9 A 8. 035 * 103 2. 022 
Series No. 6. Vt=7.986 Series No. 6. G ~ = 8 58 * 102 J, . 
66 0. 731 11 p 2. 899 * 102. 5.703 
67 1. 358 14 14.5 p 5.384 * 102 i. 258 7. 518 
68 1. 985 18 SL-P 7. 870 * 102 9. 332 
69 3.418 26 21 23 SL 1. 366 * 103 13. 480 10.888 11. 925 
70 6. 688 40 36 SL 2.651 * 103 20.739 18.665 
71 7. 375 44 40 SL 2. 899 * 103 22,813 20. 739 
72 8.882 50 45 SL 3. 520 * 103 25, 924 23. 331 
73 10.450 55 52 SL-A 4. 142 * 103 28,516 26,961 
74 0,836 11. 5 p 3.313 * 102 5. 962 
75 1. 149 13 p 4, 556 * 102 6. 740 
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TABLE II ( Continued) 




v max ave ave 
76 1. 672 16.5 p 6. 627 * 102 8.555 
77 2. 403 22 16 19 SL-P 9. 526 * 102 11. 406 8.295 9.851 
78 3. 030 21 SL 1. 201 * 103 10.888 
Series No. 7. v1, = 3. 348 Series No, 7. G1,W = 3. 65 * 102 
79 1. 149 5. 5 4 4. 6 p 4, 556 * 102 2,851 2, 073 2, 385 
80 1. 985 8.5 7 6.5 P-SL 7, 870 * 102 4 .. 407 3. 629 3. 370 
81 3. 657 13 3 7 SL 1. 449 * 103 6.740 1. 555 3. 629 
82 4.702 15 5 8 SL 1. 8 63 * 102 7,777 2.592 4. 147 
83 7, 524 18 8 10 SL 2, 982 * 103 9;332 4, 147 5. 184 
84 10.450 23 16 19 SL-A 4. 142 * 103 11. 925 8.295 9.851 
85 12. 540 23 17 20 A-SL 4, 970 * 103 ll. 925 8.814 10.369 
86 14. 630 28 20 24 A-SL 5. 799 * 103 14. 517 10. 369 12.443 
87 16,720 31 23 28 A 6. 627 * 103 16.073 11. 925 14.517 
88 18.601 34 30 32 A 7. 37 3 * 103 12. 628 15.554 16. 591 
89 20. 064 38 32 35 A 7. 952 * 103 19,702 16. 591 18. 147 
Series No. 8. Vi,=0.840 Series No. 8. Gt41'"9.0* 101 
90 7.315 2,8 0.6 1. 5 W-SL-ST 2. 899 * 103 1.451 0. 311 0. 777 
91 2.090 10 -1. 5 0.5 ST-SL-W 8. 284 * 102 5, 184 -0.777 0. 259 
92 1. 045 5 -1 0.4 ST-P-W 4, 142 * 102 2, 592 -0.518 0. 207 
93 9.405 3 3. 2 W-SL-A 3. 7 27 * 103 1. 555 1. 659 
94 4.493 3 0 1. 1 ST-SL 1. 781 * 103 11 0. 570 
95 12. 122 4. 1 3.5 3.9 W-A 4. 804 * 103 2, 125 1. 814 2.022 
96 17. 138 8.6 8.4 8.5 A 6. 793 * 103 4. 458 4, 355 4.407 
97 14. 630 6 A 5. 799 * 102 3. 110 
98 10,450 3. 5 W-A-SL 4.142 * 103 1.814 
99 8. 3fl0 2. 5 2 2. 1 W-SL-ST 3. 313 * 103 1. 296 1.036' 1, 088 
100 9.405 2. 5 w 3. 7 27 * 103 1. 296' 
101 20,900 13 A 8. 284 * 103 6. 740 
Series No. 9. Vi,=0.040 Series No. 9. GJ,'li= 4.35 * lOO 
102 13.601 2. 7 A-W 7. 373 * 103 1. 399 
103 14.421 1. 3 ST-W 5. 716 * 103 0. 674 
104 15.048 1. 65 W-ST 5. 964 * 103 0.855 
105 16. 197 1. 9 w 6, 420 * 103 0.985 




EXPERIMENTAL AND CALCULATED DATA IN PIPE INCLINED 5° 
A~ Run v Ah Ah min Ah Flow G /i\ AP AP . v max ave v max mm ave 
Series No. 1. Vi,•4.761 Series No. 1. G 1,W • 5. 2 * 10 2 
0.836 11 10. 55 10.65 P-W 3.313 * 102 0. 303 0.070 0. 122 
2 2.090 18 11. 5 14. 5 SL 8. 284 * 102 3,93 1.859 o. 567 
3 4. 180 28 20 23 SL 1. 656 * 103 9. 118 1.340 4.970 
4 5. 434 30 17 21 SL 2, 153 * 103 10. 155 3.414 5.488 
5 7.524 33 20 24 SL-A 2. 982 * 103 11.710 1. 340 7.044 
6 12. 331 58 30 34 SL-A 4,887 * 103 24. 673 10. 155 12. 229 
7 15. 675 53 41 45 A-SL 6. 213 * 103 22.080 16.377 17.932 
8 17. 974 50 50 53 A-SL 7. 124 * 103 25. 71 20. 525 22.080 
9 19.855 60 A-SL 7. 870 * 103 25. 710 
10 0.418 10. 9 10. 5 10.60 w 1 .. 656 * 103 o. 251 0,044 0.096 
Series No. 2. V,e,"1.175 Series No. 2. G 1.W"' 1. 28 * 102 
11 0. 940 10.5 ST-W·P 3. 729 * 102 0. 044 
12 0.522 10. 5 ST 2. 071 * 102 0, 044 
13 2. 195 10.7 10.5 W-ST-SL 8. 698 * 10 2 0. 147 0.044 
14 4, 180 10. 9 10. 5 10. 7 W-ST 1. 656 * 103 0, 251 o. 044 0. 147 
15 6. 270 11.4 11 11. 3 w 2, 485 * 103 0. 510 0, 303 0.459 
16 8.360 12. 5 11. 5 12 w 3. 313 *· 103 1. 081 o. 562 0.822 
17 10. 241 15 14 W-A-SL 4. 059 * 103 2. 377 1. 859 
18 12. 540 15. 5 15 A-W 4. 970 * 1(}3 2. 636 2. 375 
19 14.421 17. 5 16 16. 5 A-W·SL 5. 716 * 103 3.673 2.896 3. 155 
20 19.855 24 A 7. 8'10 * 103 7. 044 
21 16. 720 20 A 6. 627 * 103 4, 970 
22 15, 884 19 18 18. 5 A 6. 296 * 103 4.451 3, 933 4, 192 
23 12. 958 16. 5 15. 5 1(j A-W 5. 136 * 103 3. 155 2.436 2.896 
Serie~ No. 3. Vi,= 0. 071 Series No. 3. Gl1 =7.8* 10° 
24 5. 852 10.7 ST 2, 319 * 103 0, 147 
25 8.882 11. 1 ST 3. 520 * 103 0. 355 
26 10.032 11. 2 ST 3. 976 * 103 0. 407 
27 13. 585 11. 6 ST 5. 384 * 103 0. 614 
28 17. 556 13 w 6. 958 * 103 1.340 
29 20. 482 14. 1 A-W 8. 118 * 103 1. 910 
30 14. 630 11. 9 W-ST 5. 799 * 103 7. 701 
31 16. 720 12.4 w 6. 627 * 103 1. 029 
32 18.810 13.5 A-W 7. 455 * 103 1. 651 
33 20.900 14.3 A-W 8. 284 * 103 2.014 
Series No. 4. VP,= 1. 57 5 Series No. 4. GeW=l.72* 10 2 
34 6.061 11. 5 10.5 11 W-SL 2. 402 * 103 0.562 0.044 0. 303 
35 1. 149 11. 2 10.5 10.8 w 4. 556 * 102 0.407 0, 044 0. 199 
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TABLE III (Continued) 
Run v Ah Ah min Ah Flow G /A AP AP min AP v max ave v ma:,,:: ,ave 
36 0. 522 10.6 W-ST 2. 071 * 102 0.096 
37 9. 196 13. 5 12. 5 13 A-W-SL 3. 645 * 102 1. 599 1. 081 1.340 
38 6.688 11. 8 10 11. 1 W-SL 2. 650 * 103 0.718 -0. 215 0. 355 
39 7. 733 13 11 12. 2 W-SL 3. 065 * 103 1.340 0. 303 0. 925 
40 11. 704 18 16 A-SL 4. 639 * 103 3.933 2.896 
41 12. 540 16.8 A 4. 970 * 103 3.310 
42 14.630 21 19 A 5. 799 * 103 5.488 4.451 
43 16. 72 24 23 A 6.627 * 103 7.044 6. 525 
44 18. 81 27 26 26. 5 A 7. 455 * 103 8.599 8. 018 8.340 
45 20. 90 31 30 A 8. 284 * 103 10.673 10.155 
Series No. 5. VL=0.192 Series No. 5. G .l~ = 2. 1 * 101 
46 7.315 11 ST-W 2. 895 * 103 0. 303 
47 7.942 11. 1 ST-W 3. 148 * 103 0.355 
48 9.614 11. 25 W-ST 3. 810 * 103 0.433 
49 10.868 11. 4 W-ST. 4. 307 * 103 0. 510 
50 11. 390 11. 5 W-ST 4. 516 * 103 0. 562 
51 12.853 12 W-SL 5.09~ * 103 0.822 
52 13. 794 12. 5 SL-W 5. 467 * 103 1. 081 
53 16. 720 13.4 A-W-SL 6, 627 * 103 1. 547 
54 17. 138 14 A-SL 6. 793 * 103 1. 859 
55 19.332 15 A 7. 663 * 103 2. 377 
56 20. 900 15. 9. A 8. 284 * 103 2. 84°4 
Series No. 6. V £ ~ 7. 38 Series No. 6. Gi\l" 7.93 * 10 2 
57 0.836 12. 5 11. 5 11. 8 p 3. 313 * 102 1. 081 0.562 7. 183 
58 1. 254 19 14 16 p 4. 970 * 10 2 4.451 1. 359 2. 8911 
59 1. Sl81 21 16 20 P-SL 7. 455 * 102 5.488 2.896 4.97'8 
60 3. 135 30 21 25 SL 1. 242 * 103 10. 155 5,488 7.562 
61 5. 225 40 22 30 SL. 2. 071 * 103 15.340 6.007 10. 155 
62 8.360 50 34 42 SL-A 3. 313 * 103 20.525 12 •. 229 16. 37'1 
63 10. 450 50 SL-A 4. 140 * 103 20. 525 
64 14.421 60 SL-A 5.716 * 103 25. 710 
65 13.376 55 SL-A 5. 301 * 103 23. tl T 
Series No. 7. v e = 2. 021 Series No. 7. G£~=2.2* 102 
66 4. 180 11. 5 9 11 W-SL 1. 6 56 * 103 0. 562 -0.733 0. 303 
67 5. 225 12 10 11. 2 W-SL 2. 071 * 103 0. 822 -0. 215 0.407 
68 8.360 15 11 13.5 SL-W-A 3. 313 * 103 2. 375 0.303 1. 599 
69 14.421 22 19 21 A-SL 5. 716 * 103 6 .. 007 4.451 5.488 
70 15.675 25 20 22 A-SL 6. 213 * 103 7.562 4. 970 6.007 
71 18.810 31 29. 5 30.5 A 7. 455 * 103 10 .. 673 9.895 10.414 
72 20.900 35 A 8. 284 * 103 12. 747 
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TABLE III (Continued) 
Run v Ah Ah min Ah Flow G /A AP AP min AP ave v max ave v max 
102 
\ 
73 0. 627. 10.8 w 2. 485 * 0. 199 
74 1. 045 10.6 w 4. 142 * 102 0.096 
75 3. 135 11 w 1. 242 * 103 0.303 
Series No. 8. VL=0.707 Series No. 8. G ijr = 7 7 * 101 R. • 
76 4. 180 10.8 W-ST 1. 656 * 103 0. 199 
77 7.524 11.1 w 2 .. 982 * 103 .o 355 
78 11. 703 14 13 13.5 ....A-W-SL 4. 639 * 103 . 1. 8 59 1. 340 1. 599 
79 14.630 15,2 14.6 15 -A-SL 5. 795 * 103 2.481 2. 170 2. 375 
80 17. 242 17 -.!\-SL 6. 834 * 103 3.414 
81 19.850 20 19.5 A 2. 868 * 103 4.970 4.710 
82 20.900 21 A 8. 284 • 103 5.488 
83 14.212 14. 5 A-SL 5. 633 * 103 2. 118 
84 10.450 13. 2 12 12.5 -A-W-SL 4. 142 * 103 1.444 0.822 1. 081 
85 8. 778 11. 5 w 3. 479 * 103 0.562 
86 6.688 11 w 2. 650 * 103 0.303 
87 3. 135 10. 7 -W-ST 1.. 242 * 103 0. 147 
88 1. 254 10.6 -W-ST 4. 970 * 102 0.096 
Series No. 9. VJ,= 0. 431 Series No. 9. 'G1,ilr=4.7* 101 
89 3.762 10.9 10.4 10.6 -W-ST 1. 491 * 103 0. 251 -0.007 0.096 
90 1. 672 10.6 ST 6. 627 * 102 0.056 
91 5.434 10. 9 -W-ST 2. 953 * 103 0. 251 
92 2,733 11. 15 w 3. 065 * 103 0.381 
93 9. 196 11. 5 11. 35 w 3. 645 * 103 0.562 0.484 
94 10. 241 11. 6 11. 5 w 4.059 * 103 0.614 o. 562 
95 11,. 704 12 -W-SL 4. 639 * 103 0, 822 
96 14.421 14 A-W 5. 716 * 103 1.859 
97 15. 675 14.4 A 6. 213 * 103 2.066 
98 18.392 16.3 A 7. 290 * 103 3.051 
99 20.900 18.4 A 8. 284 * 103 4. 140 
100 13. 167 13.5 A-W-SL 5. 219 * 103 1. 599 
Series No. 10. VJ,=4.125 Series No. 10. a;w=4.5* 10 2 
101 2.090 10.5 11. 5 11. 1 W-SL 8·, 284 * 102 0.562 0.044 0. 355 
102 0.836 10. 6 w 3.313 * 102 0.096 
103 1. 672 10. 7 w 6. 627 * 102 0. 147 
104 3.344 18 10 13 SL-W 1. 3 25 * 103 3.933 -0.215 1. 340 
105 5. 225 21 10 15 SL 2.071 * 103 5. 488 -0.215 2.375 
106 8.360 28 14 18 SL 3. 313 * 103 9.118 1. 859 3.933 
107 10.868 3.5 23 26 SL-A 4. 307 * 103 12.747 6.525 8.081 
108 13. 754 35 26 30 -A-SL 5. 467 * 103 12. 747 8. 081 10. 155 
109 16.720 45 39 -A-SL 6. 627 * 103 . 17.932 14. 821 
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TABLE III (Continued) 
Run v Ll.h Ll.h min Ll.h Flow G //\ Ll.P Ll.P min Ll.P v max ave v max ave 
Series No. 11. v,,=7.961 Series No. 11. G * = 8 7 * 10 2 f, . 
110 1.045 12.5 p 4. 142 * 102 1. 081 
111 2. 090 16. 5 -P-B 8. 284 * 102 3. 155 
112 3.135 28 23 24 SL 1. 242 * 103 9. 118 6.525 7.044 
113 4. 980 35 25 29 SL 1. 8 22 * 103 12.747 7. 562 9. 636 
114 6. 270 38 32 33 SL 2, 485 * 103 14.303 11.192 11, 710 
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TABLE IV 
EXPERIMENTAL AND CALCULATED DATA IN PIPE INCLINED 15° 
Run v Ah Ahmin Ah Flow G /A AP AP min AP v max ave v max ave 
Series No. 1. v,,=1.014 Series No. 1. G W = 1 09 * 102 t . 
1. ~81 37 25 30 -Y'-SL 7. 455 * 102 2.984 -3. 237 -0.645 
2 3.135 34 29 31 w 1. 242 * 102 1. 429 -1. 163 -0. 126 
3 4.807 34 30 32 w 1. 905 * 103 1.429 -0.645 0. 392 
4 6. 270 33 30. 5 32.5 w 2. 485 * 103 0.910 -0. 385 0. 651 
5 9.405 34 31 33 -W-A-SL 3. 7.27 * 103 1. 429 -0. 126 0. 910 
6 10. 345 33.5 32 33 A-W-SL 4. 100 * 103 1. 169 0.392 0. 910 
7 13.376 35 A 5. 301 * 103 1.947 
8 16.720 36.5 A 6. 6 27 * 103 2. 726 
9 18.601 39 -A-SL 2. 373 * 103 4.021 
Series No. 2. Vt= 1. 487 Series No. 2. G lli = 1 60 * 102 t . 
10 3. 135 36 29 32 W-SL 1. 242 * 102 2, 466 -1. 163 0.392 
11 4,702 38 29 33 -W-SL 1. 8 63 * 102 3.503 -1. 163 0.651 
12 7. 315 35 30 33 -W-SL 2. 899 * 103 1. 947 -0. 645 0. 910 
13 10.450 38 30 34 -A-W-SL 4. 142 * 103 3. 503 -0.645 1. 429 
14 14. 107 35 A 5. 591 * 102 1. 947 
15 17. 765 40 -iA-SL 7.041 * 103 4.540 
16 19.855 43 A 7. 870 * 103 6.095 
17 1. 567 31.5 -W-ST 6. 213 * 103 0. 132 
S,;iries No. 3. v,,=3.110 Series No. 3. Gt* = 3. 34 * 102 
18 1. 567 32 30 31.5 w 6. 213 * 102 0.393 -0.645 0. 132 
19 5. 225 34 30 32. 5 W-SL 2. 071 * 103 1. 429 -0. 645 0. 651 
20 7.315 35 32. 8 -W-SL 2, 899 * 103 1. 947 0,806 
21 9. 927 44 32 38 SL 3. 935 * 103 6.614 0. 392 3.503 
Series No._ 4. , V f, = 0. 901 Series No. 4. Gt¢= 9. 7 * 101 
22 1. 254 33 30 31 -W-ST 4. 970 * 102 0. 910 -0.645 -0. 126 
23 2.090 33. 5 30 31. 2 w 8. 284 * 102 1·. 169 -0.645 -0.022 
24 3.971 34 32 W-SL 1. 57 4 * 103 1. 429 0. 392 
25 6.061 32.8 W-SL 2. 402 * 103 0.806 
26 8.987 36 30 33. 5 w-s 3. 562 * 103 2. 466 -0.645 1. 169 
27 12. 122 37 31 34 -A-SL 4. 804 * 103 2. 984 -0. 126 1. 429 
28 14.839 35 A 5.881 * 103 1. 947 
29 16.720 36 A 6. 627 * 103 2. 466 
30 18,810 39 A 7. 455 * 103 4.021 
31 0.522 31. 2 -ST-W 2. 071 * 102 -0.022 
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TABLE IV (Continued) 
Run v Ll.h Ll.h min Ll.h Flow 
G /A t,.p t,.p 
min 
t,.p 
v max ave v max \ ave 
Series No. 5. V f. = 0. 394 Series No. 5. G $ = 4 24 * 1 o1 i, . 
32 0. 522 32.5 30 31. 2 -ST-W 2.071 * 102 0. 651 -0. 645 -0.022 
33 1. 254 34. 5 30 31. 5 w 4. 970 * 102 1. 688 -U. 645 0. 132 
34 3.135 34. 5 32. 1 W-SL 1. 242 * 103 1. 688 0.443 
35 5.016 35 32. 4 W-SL 1. 988 * 103 1. 947 0. 599 
36 7.524 34 32.5 w 2. 982 * 103 1. 429 0.651 
37 10.450 33. 5 32.5 w 4. 142 * 103 1. 169 0.703 
38 14. 630 34 A 5. 799 * i'o3 1. 429 
39 16.720 35 A 6. 627 * 103 1. 947 
40 19 855 37 A 7. 870 * 103 2. 984 
Series No. 6. Vi,= 5. 124 Series No. 6. G ~ = 5 5 * 102 f. . 
41 1. 254 31. 8 31 31. 5 w 4. 970 * 102 0. 288 -0. 126 0. 132 
42 3. 135 33 31 32 W-SL 1. 242 * 103 0. 910 -0. 126 0. 392 
43 5. 225 33 W-SL 2. 071 * 103 0. 910 
44 7.315 38 34 SL 2. 899 * 103 3.503 1. 429 
45 8. 360' 38 SL-A 3. 313 * 103 2. 503 
Series No. 7. v;,=0.129 Series No. 7. G ~ = 1 39 * 101 i, . 
46 1.045 - 31. 5 31. 3 31.4 ST 4. 142 * 10 2 0. 132 0,029 0.080 
47 2.090 31. 6 31. 4 31. 5 ST 8. 284 * 102 0. 184 0.080 0. 132 
48 3. 135 31. 65 31.45 31. 6 ST 1. 242 * 103 0. 210 0. 106 0. 184 
49 4.807 31.75 31. 65 31. 7 ST 1. 905 * 103 0. 262 o. 210 0. 236 
50 6.061 31. 8 31. 65 31.75 ..:.ST-W-SL 2. 402 * 103 0. 288 0. 210 0. 263 
51 7.315 31.95 31.8 31.9 -ST-W-SL 2. 899 * 103 0. 366 0. 288 U. 340 
!;2 9 40fi 32. 1 ~2 ST-W-SL 3. 727 * 103 0.443 0. 3fl2 
53 10. 241 32. 3 32. 2 W-SL 4. 059 * 103 0.547 0.495 
54 11.495 32.4 32 32.3 W-SL 4. 556 * 103 0. 599 0.392 0. 547 
55 14. 212 32. 9 32.7 W-SL-A 5. 633 * 103 0.858 0. 754 
56 16. 7 20 33. 9 33. 7 A 6. 627 * 103 1. 377 1. 273 
57 18.810 34 4 A 7. 455 * 103 1. 636 
58 19.855 34.6 A 7. 870 * 103 1.740 
Seri~s No. 8. Vf.=0.564 Series No. 8. Gi~= 6.06 * 101 
59 7.315 32. 5 31. 5 32 -W-SL 2.899 * 103 0.651 0. 132 0. 392 
60 1. 045 32. 5 31 31 SL-W 4. 142 * 102 0.651 -0. 126 -0. 126 
61 2. 299 31 W-SL 9. 112 * 10 2 -0. 126 
62 4. 180 31. 8 -W-SL 1. 656 * 103 0. 288 
63 6. 280 32. 3 31. 9 -W-SL 2. 485 * 103 0. 547 0. 340 
64 10. 136 33.5 32 32. 5 -W-A-SL 4.017 * 103 1. 169 0. 392 0. 651 
65 11. 495 32. 7 -A-SL 4. 556 * 103 0. 754 
66 14.630 34. 6 33.8 34 A 5. 799 * 103 1. 740 1.025 1. 429 
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TABL:li: 1V (Continued) 
Run v Ahmax Ah min Ah Flow G /A AP max AP min AP ave v ave v 
67 15. 67 5 34. 7 A 6. 213 * 103 1. 791 
68 17. 765 36.5 A 7. 041 * 103 2. 725 
69 19.437 37.8 -A-SL 7. 704 * 103 3. 399 
70 20.900 39.8 A 8. 284 * 103 4.436 
Series No. 9. Vt= 1.825 Series No. 9. Gi= 1.96 * 102 
71 20, 900 33 30 31.6 SL 8. 284 * 102 0. 910 -0.645 0. 184 
72 3.344 35 30 32 SL 1. 325 * 103 1. 947 -0. 645 0.392 
73 5. 434 35.5 32. 5 SL 2. l53 * 103 2. 206 0. 651 
74 7.524 36 31 33 -SL-A 2. 982 * 103 7.460 -0. 126 0. 910 
75 1. 045 31. 4 W-SL '4·. 142 * 102 0.080 
76 10. 136 35 33.5 -SL-A 4. 017 * 103 1. 947 1. 169 
77 11. 704 34 -A-SL 4. 639 * 103 1. 429 
78 15. 257 39 36 37 A-SL 6.047 * 103 4.021 2.466 2.984 
79 17.765 41 -A 7,041 * 103 5.'058 
Series No. 10. VP,=3.603 Series No. 10. G ~ = 3 87 * 10 2 J, • 
80 0.836 31. 5 B-W 3. 313 * 10 2 0. 132 
81 2, 09 31. 6 B-SL 8. 284 * 102 0. 184 
82 3.135 35 31 32 B-SL 1. 242 * 103 1. 947 -0. 126 0.392 
8~ 4. 18 33.5 B-SL 1. 656 * 103 1. 16.9 
84 5. 225 34 ..:.a-SL 2.071 * 103 1. 947 
85 6. 479 37 32 35 -B-SL 2. 568 * io3 2.98 0.·392 2. 466 
86 8,360 . 36 SL 3, 313 * 103 2. 984 
87 10.032 37 SL 3, 976 * 103 0. 158 
88 o. 52::l 31. 55 W-B 2.071 * 102 0.080 
Series No. 11,, Vt,. o. 060 Series No. 11. GtW'" 6.45 * 10° 
89 2. 508 31.4 ST 9.941 * 102 0. 132 
90 5.016 31. 5 ST 1. 988 * 103 0. 184 
91 7.942 31. 6 ST 3. 148 * 103 0. 288 
92 8. 778 31.8 ST 3. 479 * 103 0.392 
93 9.823 32 ST 3, 893 * 103 0. 547 
94 12. 540 32.3 -W-SL-ST 4.97'0 * 103 1. 117 
95 17.556 33.4 -W-A-ST 6.958 * 103 1. 377 
96 18.810 33. 9 ·-A-W 7. 455 * 103 1. 947 
97 20.900 35 A-W 8. 284 *' 103 0. 392 
Series No. 12. Vt= 0. 744 Series No. 12. Gt*= 8.0 * 101 
98 4. 180 34 30 32 SL-W 1. 656 * 103 1.429 -0.645 0. 184 
99 1. 254 31. 6 -W-SL 4. 970 * 102 0. 184 
100 3. 135 34 30 31. 8 W-SL 1. 242 * 103 1. 429 -0. 645 0. 288 
101 5. 643 34 31 32,1 W-SL 2. 236 * 103 1. 429 -0. 126 0.443 
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TABLE IV (Continued) 
Run v Doh Doh min Doh Flow G /A .6.P D.P min D.P v max ave v max ave 
102 7. 106 34 31 32. 3 W-SL 2. 816 * 103 1. 429 -0. 126 0. 547 
103 9.405 34. 5 32 32.5 A-SL-W 3 727 * 103 1. 688 0, 392 0.651 
· 104 12. 540 34. 5 32 33 ~A-SL 4. 970 * 103 1. 688 0. 392 0.910 
105 15. 675 36 34. 5 35. 5 .A-SL 6. 213 * 103 2.466 1. 682 2. 206 
106 20. 064 40 39 39.5 A-SL 7. 952 * 103 4.540 4.021 4. 280 
Series No. 13. vt = o. 183 Series No. 13. G .e¢ = 1. 97 * 101 
107 6. 270 31. 7 W-ST-SL 2. 485 * 103 0. 236 
108 1. 881 31. 5 ST-W 7. 455 * 102 0. 132 
109 4. 389 31. 6 W-ST 1. 7 39 * 103 0. 184 
110 8.36 31. 8 w 3. 313 * 103 0. 288 
111 12. 958 32. 5 W-A 5. 136 * 103 0.651 
112 16. 720 33. 7 A 6. 627 * 103 1. 273 
113 19.855 35. 2 A 7. 870 * 103 2.051 
Series No. 14. Vi.,= 2.122 Seri~s No. 14. G i = 2 28 * 102 e . 
114 1.881 32 B 7. 455 * 102 0.392 
115 1. 254 32.5 31. 5 31. 8 B-SL 4. 970 * 102 0. 651 0. 132 0. 288 
116 0. 523 32 31. 5 W-B-SL 2. 071 * 102 0.392 0. 132 
117 2.090 35 30 32. 5 B-SL 8. 284 * 102 1. 947 -0.645 0. 651 
118 3. 135 35. 5 31 33 B-SL 1. 24 2 * 103 2. 206 -0. 126 0. 91.0 
119 4. 389 36 33.5 B-SL 1. 7 39 * 103 2. 466 1. 169 
120 6.270 36 31 33.5 SL 2. 485 * 103 2.466 -0. 126 1. 169 
121 9. 196 35. 5 33.6 ~A-SL 3. 645 * 103 2. 206 1. 221 
122 10.868 37 34 3_4. 5 ~A-SL 4. 307 * 103 2. 984 1. 429 1. 688 
123 12, 540 39 34. 5 36 ~A-SL 4. 970 * 103 4.021 1. 688 2.466 
124 15,37G 39 37 38 ~A-SL 6.213* 103 4,021 2. 984 3.503 
125 17.765 43 42 A 7. 041 * 103 6.090 5. 577 
Series No. 15. V = 4. 354 e . Series No. 15. G ¢ = 4 68 * 102 p • 
126 0. 627 31. 6 31.4 31. 5 B 2. 485 * 102 0. 184 0.080 0. 132 
127 1. 463 31. 5 32 B 5. 799 * 102 0. 132 0.392 
128 2. 403 33.5 32 32. 5 B-SL 9._ 526 * 102 1. 169 0. 392 0.651 
129 3.657 34. 5 32. 5 33 B-SL 1. 449 * 103 1. 688 0. 651 0. 910 
130 5. 225 :36 32.8 33. 5 B-SL 2. 071 * 103 2.466 0.806 1. 169 
131 7. 315 36 33 34 B-SL 2. 899 * 103 2.466 0. 910 1. 429 
132 8. 569 39 34 36 -A-SL 3.396 * 103 4.021 1.429 2. 466 
133 10.450 40 38 ~A-SL 4. 142 * 103 4.540 3.503 
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